A technique for measuring broadband near-infrared absoprtion spectra of turbid media is presented using a combination of frequency-domain (FD) and steady-state (SS) reflectance methods. Most of the wavelength coverage is provided by a whitelight SS measurement, while the FD data are acquired at a few selected wavelengths. Coefficients of absorption 0-ta) and reduced scattering (jts') derived from the FD data are used to intensity-calibrate the SS measurements and to estimate t,'at all wavelengths in the spectral window of interest. After these steps are performed, Lacan be determined by comparing the SS reflectance values to the predictions of diffusion theory, wavelength by wavelength. We present an application of this method to breast tumor characterization. A case study of a fibroadenoma is shown, where different absorption spectra were found between the normal and the tumor sides.
INTRODUCTION
We present a method using steady-state (SS) and frequency-domain (FD) reflectance measurements in tandem to obtain broad wavelength of the absorption coefficient spectra. This method is especially promising for tissue near-infrared spectroscopy, such as breast physiology characterization. For such applications, the method proposed here enables rapid data acquisition, deep tissue probing, and robust resolution of the contributions from the four major NIR tissue absorbers: oxyand deoxy-hemoglobin, water, and fat. The central innovations are a) using FD-derived the absorption coefficient taand the reduced scattering coefficient t' values to convert the SS measurements into units of absolute reflectance, and b) using the power-law wavelength dependence of p' to obtain interpolated and extrapolated values at non-laser wavelengths. FD measurements are performed at a handful of diode laser wavelengths spanning the range of interest (650-1000 nm), while the ss measurements are performed continuously across the entire range. Unlike spatially-resolved SS, however, only a single, large source-detector separation is used, preferably the same one as for the FD measurements. The instrumentation is straightforward and particularly easy to add to an existing FD system.
In this paper, we first summarize the method (a complete description can be found in Ref. 1) , and second we present an application to breast tumor characterization.
MATERIALS AND METHOD

2.1.
Optical measurements Figure 1 shows the experimental arrangement for the combined SS and FD measurements. In all cases, light is delivered via optical fiber to the surface of the sample and collected at some distance away. The source detector separations were 21.5 (FD) and 24 (SS) mm (the slight difference was due to instrumental limitations; a future instrument will utilize identical distances). In FD mode (upper box), the light arrives sequentially from one ofseven amplitude-modulated diode lasers (672, 800, 806, 852, 896, 913, and 978 nm, all with output powers ofmW at the sample) and is detected by an avalanche photodiode unit (Hamamatsu CSS6P-56045-03) that amplifies the AC component ofthe signal. A network analyzer (Hewlett Packard 8753C) delivers 251 modulation frequencies between 1 00 and 700 MHz and measures phase and modulation amplitude ofthe photon intensity signal, as described elsewhere2. In SS mode (lower box), light comes from a 150W halogen lamp (Fiber-Lite) and is analyzed via a fiber-coupled spectrograph (Ocean Optics S2000) with a linear CCD detector between 525 and 1155 nm, with the useful range for our experiments being 650-1000 nm. The spectrograph records a total of 2048 points (0.35 nmlpixel), and the spectral resolution is 5 nm (full width at halfmaximum). Light is delivered to the sample using a bundle of four fibers (bundle diameter 600 m) and collected using a single fiber of diameter 1 mm. The spectrum of the light source is measured separately by inserting the source and detector fibers into different ports of an integrating sphere (Labsphere, IS-040-SF). Relative reflectance is calculated to be the sample spectrum divided by the source spectrum (note that both measurements use the same delivery fiber, collection fiber, and detector apparatus). Total acquisition time per sample for SSFD measurements is on the order of4O s (30 for FD and 10 for SS). Calculation of Jta(X)was performed according to the methods ofthe next section using in-house Matlab (The MathWorks, Inc.) code, making use of the optimization toolbox.
2.2.
Breast measurements In vivo measurements were performed on the breasts of a supine female volunteer, age 37. Data were gathered from the left and right breasts. The right breast contained a fibroadenoma, which was located using a standard ultrasound imaging system. The tumor was approximately an ellipsoid of 1 0 and 20 mm of axial dimensions. The center of the tumor was approximately 12 mm deep.
For FD measurements, the source light was again delivered by optical fiber but the APD was placed directly against the tissue, without a collection fiber. Fiber and detector were bundled into a single handheld device that was placed gently against the breast. SS reflectance was measured subsequently, at the exact same location, in the two-fiber mode described above. All procedures were approved by the Institutional Review Board of the University of California, Irvine (study 95-563).
Method
The goal of these measurements is to obtain scattering parameters of the tissue and the concentratrion of Hb, Hb02, H20 and fat. Combining the information from the FD and SS measurements allows for the computation of the broadband absorption spectrum (650-1000 nm), which improved the accuracy of the determination of these chromophore concentrations (Hb, Hb02, H20 and fat). We summarize below the different steps ofthis calculation (see Ref.
1 for a more complete description). calculated for the lasers wavelengths are used to calibrate the steady-state reflectance R(X). A simple linear fit allows us to determine the calibration factor (independent of the wavelength, since the reflectance has been normalized first using an integrating sphere).
3 . The discrete i'spectrum, obtained from the frequency domain measurements, is fit to a power function A2B (see references 5,6 and 7). Using this fit, values are assigned for the entire spectrometer range (650-l000nm).
4. The t. spectrum is calculated by solving numerically the equation
In this equation, itaO) is the only unknown since R(X) and '(2) are obtained from the procedures described on points 2 and 3, respectively.
RESULTS AND DISCUSSION
We present here two measurements illustrating the potential of the method for tumor characterization. The first measurement was performed on the top of a fibroadenoma, and a control measurement was performed on the other breast (symmetrically at the same location) .  Fig 2. shows the calibrated reflectance spectrum (line), along with the reflectance data calculated from the frequency domain measurements (diamonds). This figure illustrates the fact that, as expected, a single scaling factor is sufficient to fit well the measured steady-state reflectance and the predicted reflectance from frequency domain measurement. It can be noted that significant differences between the normal and tumor sides are already found at this stage of analysis. Nevertheless, to interpret these differences from a physiological point of view, we need to transform these spectra into absorption spectra. Indeed, the access to the absorption spectrum allows us to determine physiologically relevant parameters such as the concentrations ofHb, Hb02, H20 and fat. Figure 2 . Measured reflectance spectra (line) and calculated reflectance from frequency domain data (diamonds). The measured reflectance spectra are scaled to fit the calculated reflectance points.
The determination of the absorption spectrum requires the knowledge of the reduced scattering parameters p' at all wavelengths. These values are obtained from a fit of the jt' values derived from frequency domain measurements to a power function (Figure 3) . In this particular case, no significant differences in the scattering properties were found between the normal and tumor sides. Nevertheless, such a finding should not be generalized, since usually differences are also naturally found between normal and tumor tissues. The information contained in Figures 2 and 3 are finally used to derive the absorption spectra, shown in Figure 4 . As expected the differences found in the reflectance spectra (Fig.2) are again found here. Note the very good agreement between the absorption coefficient values from frequency domain and the computed continuous spectra (Fig4) . Figure 4 shows clearly that more information is contained in the continuous spectra compared to the frequency domain only points. Various chomophores can be easily identified by their peaks; such as the Hb peak at 760 nm, the fat peak at 930 nm and the H20 peak at 975 nm. These absorption spectra can be approximated by the linear combination of the four chromophores mentioned earlier Hb, HbO2, H20 and fat (absorption spectra from references 8, 9 and 1 0 respectively). The results of these fits are shown in Figure 4 (broken line), and the concentrations are reported in Table 1 . The quality of these fits is good, which confirms that these chromophores are the predominant ones in breast tissues. The main differences between the normal and tumor sides are found in the total hemoglobin concentration (64% higher in the tumor side) and in the water concentration (45% higher in the tumor). The increase of hemoglobin concentration is due to the denser vascularization, as generally found in tumors. The increased water concentration is probably due to necrosis and edema. The concentrations found here as well as the differences between normal and tumor tissue are consistent with earlier findings"'2
CONCLUSION
A combination of SS and FD reflectance measurements has been described for absorption spectroscopy of turbid media, featuring beneficial aspects of both techniques. As with SS, the wavelength coverage is continuous, detecting absorption features that may elude the discrete wavelengths chosen for FD. The prediction of constituent concentrations, for instance in breast tissue, is substantially improved using full-spectrum absorption data rather than a handful ofwavelengths. As with FD, however, only a single source-detector separation is required, making the technique more amenable to reporting volumeaveraged values for heterogeneous samples. In addition, the source-detector separation can be large, allowing for centimeterscale mean probing depths that cannot be achieved with spatially-resolved SS techniques. An application to breast analysis has been demonstrated, with quantitative in vivo spectra of human breast obtained rapidly (less than 1 mm.). Significantly different spectra were found between normal and fibroadenoma tissues. The technique is relatively inexpensive and could prove valuable for improving accuracy in the development ofquantitative photon migration for clinical instruments.
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